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ABSTRACT: Systematic study of the interactions between organometallic catalysts and metal oxide support materials is 
essential for the realization of rational design in heterogeneous catalysis. Herein we describe the stoichiometric and cata-
lytic chemistry of a [Cp*(PMe3)Ir(III)] complex chemisorbed on a variety of acidic metal oxides as a multifaceted probe 
for stereoelectronic communication between the support and organometallic center. Electrophilic bond activation was 
explored in the context of stoichiometric hydrogenolysis as well as catalytic H/D exchange. Further information was ob-
tained from the observation of processes related to dynamic exchange between grafted organometallic species and those 
in solution. The supported organometallic species were characterized by a variety of spectroscopic techniques including 
dynamic nuclear polarization-enhanced solid-state NMR spectroscopy, diffuse reflectance infrared Fourier transform 
spectroscopy, and X-ray absorption spectroscopy. Strongly acidic modified metal oxides such as sulfated zirconia engen-
der high levels of activity toward electrophilic bond activation of both sp2 and sp3 C–H bonds, including the rapid deuter-
ation of methane at room temperature; however, the global trend for the supports studied here does not suggest a direct 
correlation between activity and surface Brønsted acidity.   
Introduction 
Rapid and efficient catalyst development is essential to 
meet the dynamic demands of the modern energy and 
fine chemical economy. In the context of homogeneous 
catalysis, the study of ligand structure-function relation-
ships has enabled the design of bespoke catalyst systems 
with exceptional activity and exquisite control of product 
distributions.1 Such comprehensive studies of metal oxide 
supports as ancillary ligands to enable the rational design 
of well-defined catalysts are lacking in the heterogeneous 
literature; this is in part due to the complexity and diver-
sity of active site structures, as well as the emphasis on 
process-driven catalyst design.2 
We sought to conduct a systematic study of metal-
support interactions by heterogenizing a catalyst motif 
with well understood homogeneous reactivity to provide 
a framework within which to interpret the influence of 
metal oxide ligands on observed organometallic activity. 
Inspired by the work of Bergman and coworkers, our ini-
tial efforts have focused on the well-established 
Cp*(PMe3)Ir(R)(X) system (R = alkyl, aryl, H; X = counter-
ion) for catalytic C−H bond activation.3 Of particular im-
portance for the application of this catalyst system as a 
probe for organotransition metal–surface interactions is 
the intimate relationship between activity and the barrier 
to Ir−X ionization, where more labile ligands correlate to 
increased reactivity (OTf >> OPh > OH).3c The iridi-
um(III) complex Cp*(PMe3)Ir(Me)(OTf) reacts with both 
aromatic and aliphatic C–H bonds, including methane, 
effecting catalytic H/D exchange at temperatures as low 
as 45 °C.4,5 We envisioned that by replacing the X-type 
ligand in this catalytic system with a range of metal oxide 
supports with varying surface acidities, the observed ac-
tivity in stoichiometric and catalytic organometallic pro-
cesses on the surface could be translated into generaliza-
ble information about the stereoelectronic nature of the 
selected metal oxide as a labile X-type ligand. 
For this study, we selected a series of modified (sulfated 
and borated zirconia; SO4/ZrO2 (1), B2O3/ZrO2(2)) and 
unmodified metal oxide supports (zirconia, alumina and 
silica; ZrO2 (3), Al2O3 (4) and SiO2). Silica and alumina 
are widely used oxide surfaces for supported organome-
tallics spanning a wide range of transition metals and 
catalytic processes such as hydrogenation,6 metathesis,7 
alkane dehydrogenation,6a, 8 and olefin oligomeriza-
tion/polymerization.8c, 9 Typically, silica is pretreated by 
heating under vacuum to remove physisorbed water and 
to decrease the silica–hydroxyl density by condensation of 
adjacent silanols. For example, silica partially dehydrox-
ylated at 700 °C features mostly isolated surface silanols 
and 5–10% geminal silanols;10 for our investigation we 
looked at silica treated under vacuum at both 200 °C 
(SiO2-200, 5) and 700 °C (SiO2-700, 6). Silica generally reacts 
with organometallic precursors via proton transfer from a 
weakly Brønsted acidic silica–hydroxyl group to a metal 
2 
precursor X-type ligand to form a support oxygen–metal 
bond and the byproduct H–X.9d By comparison, alumina 
has a much more complex surface with a greater hetero-
geneity of sites in terms of aluminum coordination num-
ber (3-, 4-, 5-, and 6-coordinate aluminum sites may be 
present) and types of OH groups.11 Furthermore, alumina 
can react with metal precursors via protonolysis of alumi-
num–hydroxyl sites or by activation at Lewis acidic alu-
minum sites.9f, 12 Zirconia is known to feature both 
Brønsted and Lewis acidic sites, but its surface chemistry 
is less well studied in comparison to both silica and alu-
mina.13  
Solid acid supports, e.g., sulfated and borated metal ox-
ides, are complex materials with reported superacidic 
sites (i.e., sites with acidity stronger than 100% H2SO4, H0 
≤ −11.93)14 and/or redox activity that exhibit catalytic be-
havior such as the isomerization of alkanes in the absence 
of additional transition metal ions or organometallic 
sites.15 These materials are less well-explored as supports 
in comparison to their unmodified counterparts; however, 
early studies have demonstrated their ability to imbue 
high levels of activity to supported early transition metal 
(namely, Ti, Zr, and Hf) organometallic species for the 
hydrogenation of aromatic rings and olefin polymeriza-
tion applications.16 More recently, an α-diimine nickel 
complex supported on sulfated zirconia was found to be 
active for ethylene polymerization.17 In all cases, the metal 
complexes supported on solid acids are characterized by 
highly electrophilic metal centers, in which the acidic 
support acts as a weakly coordinating anion for the cati-
onic or partially cationic metal centers.18 
Results and Discussion 
In order to establish the viability of iridium(III)-
catalyzed H/D exchange as a probe reaction for metal–
support interactions, we first targeted metalation of sul-
fated zirconia as proof-of-principle due to its aforemen-
tioned application as a non-coordinating surface in sup-
ported organometallics. Treatment of the sulfated zirco-
nia surface with the organometallic precursor 
Cp*(PMe3)IrMe2 (7) in benzene-d6 led to immediate evo-
lution of a mixture of perproteo- and monodeutero-
methane as observed in the 1H NMR spectrum (Figure 1). 
Protonolysis of the Ir–Me group by a surface Brønsted 
acidic site leads to initial formation of perproteomethane. 
The resulting highly electrophilic surface iridium–methyl 
fragment then activates a solvent carbon–deuterium 
bond, followed by the elimination of deuteromethane, 
leaving a putative iridium–phenyl moiety on the surface 
(for spectroscopic characterization of the surface species, 
see below).19 Upon sitting overnight at room temperature, 
additional isotopologues of methane were observed in the 
1H NMR spectrum. For experimental details, including 
preparative scale chemisorption, see supporting infor-
mation. 
Intriguingly, the residual organometallic species left in 
solution after saturation of the surface underwent com-
plete conversion to a new species, which was identified by 
1H NMR spectroscopy as the iridium-phenyl-d5 complex, 
Cp*(PMe3)Ir(C6D5)Me (8). The appearance of this com-
plex is likely explained by dissociation of the iridium–
phenyl complex from the surface, followed by ligand in-
terchange with the dimethyl iridium precursor (7) left in 
solution, affording iridium methyl phenyl complex 8.20 
The electrophilic iridium–methyl surface species then 
further activates the deuterated solvent to regenerate the 
iridium–phenyl fragment on the surface (Figure 2). This 
process suggests that rapid and reversible dissociation 
from the sulfated surface, a requisite step for C–H bond 
activation, is operant under the mild conditions of organ-
ometallic deposition.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Chemisorption of 7 onto sulfated zirconia, afford-
ing an iridium phenyl fragment on the surface, and an initial 
mixture of CH4 (●) and CH3D (■) at early reaction times, 
and CH4 (●), CH3D (■), CH2D2 (♦), and CHD3 (▼) after 
catalytic deuteration observed by 1H NMR spectroscopy (16 
h). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Ligand interchange between surface bound iridium 
phenyl species and excess iridium dimethyl complex 7, re-
sulting in the formation of methyl phenyl complex 8, as evi-
denced by 1H NMR spectroscopy, shown below. Asterisk de-
notes internal standard (1,3,5-tri-tertbutylbenzene). 
A crossover experiment was conducted to test our 
mechanistic hypothesis for the origin of methyl phenyl 
complex 8; that is, to demonstrate that the iridium com-
plex chemisorbed on the surface is in dynamic equilibri-
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um with the residual precursor left in solution (Scheme 1). 
Sulfated zirconia was metalated with Cp*(PMe3)IrMe2 (7) 
and isolated (Ir–SO4/ZrO2, vide supra). This material was 
then treated with the related triethylphosphine iridium-
dimethyl complex Cp*(PEt3)IrMe2 (9) under conditions 
similar to those of the deposition reaction. It was ob-
served by 1H NMR spectroscopy that the chemisorbed 
trimethylphosphine iridium species was indeed exchang-
ing into bulk solution, such that an equilibrium mixture 
of trimethyl- and triethylphosphine complexes 8 and 10 
(resulting from solvent activation) was established after 
mixing at room temperature for 18 h. These data support 
the conclusion that the Cp* phosphine iridium species 
chemisorbed on sulfated zirconia are capable of reversible 
dissociation from the surface in the ligand interchange 
process of methyl phenyl complex 8 formation; notably, 
this equilibrium is a likely mechanistic necessity for effi-
cient catalytic C–H bond activation. 
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Scheme 1. Crossover experiment with triethylphosphine 
iridium complex 9 demonstrates dynamic exchange between 
organometallic iridium species in solution and on the sulfat-
ed zirconia surface. 
Having established a grafting procedure for sulfated 
zirconia, we extended our metalation studies with organ-
ometallic precursor 7 to other metal oxides (2-6). In a 
typical experiment, a solution of iridium complex 7 and 
an internal standard in benzene-d6 was exposed to the 
metal oxide of interest and the disappearance of the or-
ganometallic precursor was tracked by 1H NMR spectros-
copy. Examination of the fate of the residual organome-
tallic precursor in the deposition of 7 onto each of the 
metal oxide supports to be studied provided the first 
comparative insight into the electronic nature of each 
support (Figure 3). While conversion of the excess organ-
ometallic precursor to 8 was too rapid to follow in the 
deposition reaction of 7 onto sulfated zirconia, this pro-
cess occurred with approximate half-lives ranging from 
minutes for borated zirconia to days for both SiO2-200 and 
SiO2-700. This process occurred in the presence of alumina 
and zirconia with an intermediate approximate half-life of 
about 30 minutes. These qualitative differences in the rate 
of formation of 8 highlight the differences in the barrier 
to dissociation between the iridium center and metal ox-
ide surface to generate the common reactive intermediate 
for both formation of 8 and C–H activation. For organo-
metallic loading data of complex 7 on oxides 1-6, see sup-
porting information, Table S1. 
 
 
 
 
Figure 3. Qualitative comparison of the rates of formation of 
8 during chemisorption. 1H NMR spectra of the solution are 
shown after reaction for 10 min; conversion levels are indi-
cated on the right. Peak broadening in some spectra is due to 
the presence of the solid support materials within the RF coil 
of the NMR probe. 
The metalated surfaces were interrogated by dynamic 
nuclear polarization (DNP)-enhanced cross-polarization 
magic-angle spinning (CPMAS) NMR spectroscopy to 
confirm the identity of the chemisorbed iridium species.21 
The 13C SSNMR spectrum of Ir–SO4/ZrO2 features reso-
nances consistent with a [Cp*(PMe3)IrPh] fragment (Fig-
ure 4, Table S4). Note that only the ipso-carbon signal of 
the phenyl ligand at 150 ppm could be observed as the 
other resonances were masked by the solvent used for 
DNP-enhancement (1,2-dichlorobenzene).22,23 The 13C res-
onance from the Cp moiety is also asymmetrically broad-
ened since all five carbon sites are inequivalent at the 
temperature of the DNP measurement (~110 K). Addition-
ally, the DNP-enhanced 31P CPMAS NMR spectrum of Ir–
SO4/ZrO2 features one major resonance at −18.2 ppm 
(Table 1); this resonance was shifted by +3 ppm upon low-
ering the temperature to 110 K, due to a stronger interac-
tion with Ir. For reference, Cp*(PMe3)IrPh(OTf) has a 31P 
shift at −25.3 ppm.4 The 13C NMR spectra of Ir–ZrO2, Ir–
SiO2-200 and Ir–SiO2-700 similarly showed resonances for a 
Cp*(PMe3)Ir–surface species, however, resonances corre-
sponding to the iridium–phenyl moiety were not ob-
served, possibly due to these signals being below the de-
tection threshold or obscured by the DNP solvent (Figure 
S38).24 Alternatively, the absence of a phenyl group may 
be explained by slow C–H activation of the benzene sol-
vent, leaving the original methyl ligand from the iridium 
dimethyl precursor. A weak resonance at ca. −15 ppm 
could be observed for these complexes, possibly due to an 
Ir-Me moiety (Figure S38).   
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The 31P NMR spectra of iridium on metal oxides 3 
through 6 revealed principally one resonance with values 
ranging from −26.9 to −24.9 ppm. Interestingly, these 31P 
shifts, as well as the 13C chemical shifts of the aromatic 
Cp* carbons (Table 1), correlated to the rate of formation 
of methyl phenyl complex 8 (Figure 3), as well as the stoi-
chiometric and catalytic activity of the complexes, with 
the most active complexes having the most deshielded 
shifts (vide infra). In accordance with previous homoge-
neous work, which showed that the chemical shift of the 
phosphine increased in complexes with more ionic lig-
ands,25 this result suggests that the most active catalysts 
bear a larger iridium partial positive charge. This can be 
understood given that the chemical shift contribution of 
the σP-M localized molecular bonding orbital increases its 
deshielding of phosphorus as the strength of the P-M 
bond is increased.26,27 These changes in precatalyst ionici-
ty are likely related to the barrier to surface dissociation 
(lability), and by extension to catalyst activity. The excep-
tion to this trend is Ir–B2O3/ZrO2 for which we observed 
a significantly more shielded 31P resonance at −33.8 ppm, 
as well as resonances corresponding to free trime-
thylphosphine and trimethylphosphine oxide absorbed on 
the surface (Figure S39).28 These data suggest a different 
structure for this iridium species, consistent with its unu-
sual catalytic behavior (vide infra).  Note that in the case 
of the alumina- and borated zirconia-supported complex-
es the loading was too low to detect the 13C resonances, 
even with DNP, and that the 31P signal was only detectable 
for those samples when DNP enhancement was used. 
Table 1. 31P and 13C NMR shifts for supported iridium com-
plexes that correlate to observed stoichiometric and catalytic 
activity. 
 
δ (31P) 
(ppm) 
Cp*(arom.) δ (13C) 
(ppm) 
Ir–SO4/ZrO2 −18.2 101 
Ir–ZrO2 −25.0 94 
Ir–Al2O3 −24.9 n.d. 
Ir–SiO2-200 −26.9 89 
Ir–SiO2-700 −26.4 89 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (A) 31P NMR spectrum of Ir–SO4/ZrO2; *spinning 
side band, ‡surface-bound trimethylphosphine. Spinning rate 
νr = 11 kHz, CP contact time τCP = 1 ms, recycle delay τRD = 2 
s, and number of scans NS = 68. (B) 13C NMR spectrum of Ir–
SO4/ZrO2;†1,2-dichlorobenzene DNP solvent (νr = 8 kHz, τCP 
= 4 ms, τRD = 1 s, and NS = 2048). 
In order to further characterize the supported iridium 
complexes, diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) was used to probe their structure. 
In particular, we sought to establish the presence or ab-
sence of an iridium−phenyl moiety for supported materi-
als on oxides other than sulfated zirconia, which could 
not be determined definitively by 13C NMR spectroscopy. 
C–H stretching vibrations for aliphatic hydrocarbon 
bonds occur in the general region of 3000–2840 cm−1 in 
the infrared spectrum, while C–H stretching vibrations 
from aromatic hydrocarbon bonds occur above 3000 
cm−1.29 Examination of the region between 3100–3000 cm−1 
in the infrared spectra of Ir–SO4/ZrO2, Ir–ZrO2 and Ir–
Al2O3, revealed the presence of strong aromatic C–H 
stretching vibrations. However, in the case of Ir–SiO2-200 
and Ir–SiO2-700, no such absorptions were observed sug-
gesting that solvent activation at the silica-bound iridium 
centers is relatively slow and the iridium–methyl frag-
ment predominates the surface speciation (Figure 5, 
left).30 
 
 
 
 
 
 
 
 
Figure 5. Infrared absorbance spectra of Ir–SO4/ZrO2, –
ZrO2, –Al2O3, –SiO2-200, and –SiO2-700 (left). Infrared absorb-
ance spectra of Ir–SiO2-200 prepared under standard condi-
tions (1 h) and extended reactions times (18 h), consistent 
with slow solvent activation by iridium on silica supports 
(right). Absorption between 3000 and 3100 cm-1, denoted by 
dashed grey lines, is indicative of aryl C–H stretching. 
The absence of aromatic C–H stretching vibrations for 
Ir–SiO2-200 and Ir–SiO2-700 is consistent with the meta-
lation experiments described above; very little exchange 
between the surface iridium species and residual iridium 
dimethyl precursor 7 was observed for the silica-
supported iridium complexes due to the apparent slow 
rate of dissociation of these species from silica. Since the 
same pre-equilibrium surface dissociation is required for 
C–H activation, cleavage of the initial iridium–methyl 
fragment is slow on the timescale of the iridium deposi-
tion on silica. Based on these data, we assigned the iridi-
um complexes on the non-silica supports (e.g., SO4/ZrO2, 
ZrO2, Al2O3, and by extension B2O3/ZrO2) to an iridium–
phenyl species arising from C–H activation of benzene. 
The silica-supported species Ir–SiO2-200 and Ir–SiO2-700, in 
contrast, are predominately iridium–methyl complexes, in 
which the methyl group from the iridium dimethyl pre-
cursor is conserved. This assignment is further confirmed 
by DRIFTS on a silica sample subjected to organometallic 
deposition in benzene for 18 h instead of 1 h; an infrared 
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spectrum taken of a sample isolated after 18 h exhibits 
resonances above 3000 cm−1 indicating partial conversion 
to the iridium–phenyl complex, consistent with the slow-
er rate of dissociation/C–H activation (Figure 5, right). In 
addition, Ir–Al2O3, Ir–SiO2-200, and Ir–SiO2-700 were exam-
ined by X-ray absorption spectroscopy (XAS), which was 
in agreement with these structural assignments (see SI, 
page S32). 
To further evaluate the stereoelectronic influence of the 
metal oxide support on the reactivity of the iridium or-
ganometallic species, we undertook in situ DRIFTS exper-
iments with carbon monoxide and dihydrogen. Iridium 
supported on oxides 1 through 6 were treated with flow-
ing carbon monoxide in order to probe the iridium- sup-
port electronic interaction via transition metal–carbonyl 
stretching frequencies. Coordination of CO to all of the 
supported iridium species (iridium on oxides 1–6) was not 
certain a priori; that is, without loss of either a non-
support ancillary ligand (Cp*, PMe3, alkyl/aromatic) or 
the iridium-metal oxide support interaction, coordination 
of CO should be precluded, as the supported iridium spe-
cies are coordinatively saturated. Flowing a 1% mixture of 
CO/Ar over the supported iridium samples and monitor-
ing by infrared spectroscopy resulted in all cases in the 
appearance of a CO stretching band attributable to an 
iridium-bound carbonyl (Figure 6). Notably, the observa-
tion of an iridium–carbonyl is not indicative of quantita-
tive conversion of all iridium sites, and, in fact, the low 
intensity of the silica-supported iridium carbonyl absorp-
tions may suggest that only a small fraction of sites bind 
carbon monoxide (See SI, page S23–S25). These stretching 
frequencies are similar to those reported in the literature 
for [Cp*(PMe3)IrR(CO)]X (R = Me, Ph, X = OTf, BArF4, I) 
species (Table S3).31 The similarity of the carbonyl stretch-
ing frequencies suggests a common cationic iridium car-
bonyl species (10–X) with the metal oxide support con-
tributing little electronic communication from the outer 
coordination sphere. Notably, in none of these materials 
were any carbonyl absorption bands detected that would 
be consistent with a bridging carbonyl species, as might 
result if metallic nanoparticles were present on the sur-
face. To confirm that the organometallic species remained 
intact, 10–SO4/ZrO2 was characterized by DNP-enhanced 
solid-state NMR spectroscopy. The DNP-enhanced 31P 
CPMAS spectrum featured a sole resonance at −33.5 ppm 
(Figure 6A), suggesting that only a single species exists on 
the surface and that it contains a PMe3 moiety which is 
bound to a more electron-rich Ir center. The 13C CPMAS 
spectrum featured resonances at 141, 103, 15.5 and 9 ppm, 
confirming the presence of the Cp*, phenyl, and PMe3 
ligands along with a resonance at 168 ppm, indicating an 
Ir-bound CO moiety, in agreement with the postulated 
structure (Figure 6B).  Note that, similarly to the previ-
ously-presented 31P data, both the 31P and 13C resonances 
of the sites directly bound to Ir are shifted to lower chem-
ical shift due to the increased electron density at Ir, and 
the impact it has on the orbital contributions to shield-
ing.26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. (A) Solid state 31P NMR spectrum of iridium car-
bonyl complex 10–SO4/ZrO2;*spinning sidebands (νr = 11 
kHz, τCP = 1 ms, τRD = 2 s, and NS = 64).   (B) Solid state 13C 
NMR spectrum of iridium carbonyl complex 10–
SO4/ZrO2;†1,2-dichlorobenzene DNP solvent (νr = 14 kHz, 
τCP = 4 ms, τRD = 1 s, and NS = 7684). (C) Carbonyl stretching 
infrared absorption bands observed upon exposure of sup-
ported iridium species to flowing carbon monoxide. 
Stoichiometric activation of dihydrogen by iridium is 
mechanistically similar to C–H insertion and thus any 
support dependent reactivity trends should inform on the 
catalytic H/D exchange activity. In the previously studied 
homogeneous system, Bergman and coworkers observed 
that Cp*(PMe3)IrPh(OTf) reacted with H2 to form an irid-
ium(V) trihydride ([Cp*(PMe3)IrH3](OTf)) via a transient 
iridium(III) monohydride and subsequent activation of a 
further equivalent of dihydrogen. In contrast, in the pres-
ence of an L-type donor such as acetonitrile, coordination 
of the iridium(III) monohydride intermediate disfavors 
further oxidative addition of H2.32 Upon flowing a 3% 
H2/Ar mixture across the supported iridium samples, in-
frared resonances consistent with the formation of iridi-
um-hydride species were observed (Figure 7). Further-
more, the observed Ir–H infrared absorptions appear to 
cluster in two distinct regions: around 2141 cm−1 for Ir–
SO4/ZrO2 and Ir–B2O3/ZrO2 and 2067 cm−1 for Ir–ZrO2, 
Ir–Al2O3, Ir–SiO2-200, and Ir–SiO2-700. This may suggest 
that on modified supports under hydrogen an iridium(V) 
trihydride species is formed (11–X), while on unmodified 
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supports an iridium(III) monohydride species (12–X) pre-
dominates. Indeed, comparison of the stretching frequen-
cies to homogeneous congeners appears to support this 
hypothesis: [Cp*(PMe3)IrH3](BF4) has an Ir–H stretching 
band at 2140 cm−1,33 while Cp*(PMe3)Ir (OEt)H has an Ir–
H infrared absorption at 2062 cm−1.34,35 This is consistent 
with the previously reported behavior of 
Cp*(PMe3)IrPh(OTf) in the presence of hydrogen; 
SO4/ZrO2 and B2O3/ZrO2 are sufficiently non-
coordinating for the equilibrium to lie on the side of irid-
ium(V) trihydride, while the more Lewis basic surfaces 
(ZrO2, Al2O3, SiO2-200, and SiO2-700) trap the iridium(III) 
monohydride after the initial hydrogenolysis step.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. (A) Solution 1H 
NMR spectrum of [Cp*(PMe3)IrH3](OTf) in CD2Cl2 (top), 
solid state MAS 1H NMR spectrum Ir-SO4/ZrO2 as prepared 
(middle), and 11–SO4/ZrO2 after hydrogen treatment (νr = 20 
kHz, NS = 128).  (bottom). (B) Hydrogenolysis of iridium on 
metal oxides 1–6.36 aIridium hydride infrared absorption 
bands at ~2140 cm−1 are proposed to correspond to Ir(V) tri-
hydride species, while absorptions at ~2065 cm−1 are assigned 
to Ir(III) monohydrides. bApproximate half-lives for hydro-
genolysis. 
The qualitative rates of hydrogenolysis of all of the sup-
ported iridium samples provide further insight into the 
intrinsic reactivity toward bond activation as a function of 
the metal oxide support. This reactivity mirrors the rate of 
iridium-methyl ligand exchange described above: iridium 
supported on sulfated zirconia underwent hydrogenolysis 
on a timescale shorter than the measurement could be 
collected. Ir–B2O3/ZrO2 underwent hydrogenolysis at the 
next fastest rate (t1/2 ≈ 5 min), followed by Ir–ZrO2 and Ir–
Al2O3 (t1/2 ≈ 30 min). Finally, both Ir–SiO2-200 and Ir–SiO2-
700 reacted with H2 at significantly lower rates (t1/2 ≫ 60 
min) (Figure 7).  
To support the characterization of 11–SO4/ZrO2 as an 
iridium(V) trihydride, the material was prepared ex situ 
and examined by 1H MAS NMR spectroscopy, which re-
vealed the presence of a resonance at δ = −13.8 ppm, as 
compared to an authentic sample of 
[Cp*(PMe3)IrH3](OTf), which exhibits a signal at δ = −13.5 
ppm in CD2Cl2 (Figure 7a). Furthermore, while Ir–
SO4/ZrO2 was found to bind CO with no detectable 
changes after 15 min, the hydrogenated complex (11–
SO4/ZrO2) underwent quantitative conversion to the irid-
ium carbonyl hydride (13–SO4/ZrO2) on a much longer 
timescale (~18 h), presumably due to the rate-limiting 
initial reductive elimination of dihydrogen (Figure 8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Conversion of trihydride 11–SO4/ZrO2 to carbonyl 
hydride complex 13, monitored by in situ infrared spectros-
copy. 
The Ir–SO4/ZrO2 sample and ex situ-prepared hydride 
sample 11–SO4/ZrO2 were further examined by XAS. The 
Ir L2 edge X-ray absorption near-edge structure (XANES) 
confirms that 11–SO4/ZrO2 is oxidized compared to Ir–
SO4/ZrO2 upon hydrogen treatment; however, this data 
may describe a mixture of iridium species (Figure 9, left). 
Allowing for differences between the L3 and the L2 edges, 
the magnitude of the energy shift of the white line for 11–
SO4/ZrO2 compared to Ir–SO4/ZrO2 would be consistent 
with an average formal oxidation state change of about +1 
(see SI, page S32). In contrast, Ir L2 XANES for 12–ZrO2 
does not support a change in oxidation state between Ir–
ZrO2 and the hydrogen treated material (Figure 9, right). 
These data are consistent with the formation of an iridi-
um(III) monohydride species on the unmodified zirconia 
support. 
An authentic sample of [Cp*(PMe3)IrH3](OTf) was pre-
pared and examined by XAS. The qualitative trend in the 
magnitude of the white line energy shift between this 
sample and Cp*(PMe3)IrMe(OTf) is similar to that ob-
served for the hydrogen treated sample 11–SO4/ZrO2  and 
the material as prepared (Ir–SO4/ZrO2). There is some 
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uncertainty about the X-ray stability of both 
[Cp*(PMe3)IrH3](OTf) and 11–SO4/ZrO2; therefore, it is 
not clear if these spectra are truly representative of iridi-
um trihydride species, or structurally similar products of 
photochemical degradation of higher oxidation state (see 
SI, page S32). Continued exposure of 
[Cp*(PMe3)IrH3](OTf) to the X-ray irradiation resulted in 
reduction to Ir(III). While complete fitting of the iridium 
L2 edge extended X-ray aborption fine structure (EXAFS) 
region of Ir–SO4/ZrO2 and 11–SO4/ZrO2 was precluded 
due to the observed beam damage, it is possible to rule 
out the presence of metallic iridium nanoparticles as a 
major component of either of these materials due to the 
lack of higher shell scattering peaks associated with iridi-
um–iridium interaction (Figure S43). 
 
Figure 9. Ir L2 XANES for Ir–SO4/ZrO2 and 11–SO4/ZrO2, in 
comparison to Cp*(PMe3)IrMe(OTf) and 
[Cp*(PMe3)IrH3](OTf) (left) and Ir–ZrO2 and 12–ZrO2 in 
comparison to Cp*(PMe3)IrMe(OTf) (right).   
While H/D exchange has previously been observed for 
in situ-generated methane during metalation (vide supra), 
catalysis had not yet been demonstrated under controlled 
conditions. The reactivity of 1 mol% Ir–SO4/ZrO2 was 
assessed in the catalytic H/D exchange of trifluorotoluene 
with benzene-d6 as the deuterium source. After mixing 
for 16 h, the meta- and para-positions had undergone 95% 
deuterium incorporation, while the sterically encumbered 
ortho-position had undergone only 15% incorporation 
(Figure 10). No detectable H/D exchange was observed for 
trifluorotoluene when unmetalated sulfated zirconia was 
subjected to otherwise identical conditions. In contrast, 
Brønsted acid-mediated aryl H/D exchange was observed 
for electron-rich substrates such as anisole in the pres-
ence of sulfated zirconia; however, H/D exchange into 
sp3-hybridized methyl C–H bonds was effected only by Ir–
SO4/ZrO2. Furthermore, sulfated zirconia catalyzed H/D 
exchange with a regiochemical preference for the reso-
nance activated ortho- and para-positions, while Ir–
SO4/ZrO2 exchanged each aryl position at similar rates 
(likely a combination of iridium-promoted H/D exchange 
and Brønsted-mediated exchange at residual acid sites).37 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. H/D exchange of trifluorotoluene catalyzed by 1 
mol% iridium on sulfated zirconia (left) and Brønsted acid-
mediated exchange promoted by unmetalated sulfated zirco-
nia (right) as observed by 1H NMR spectroscopy. 
 
 
 
 
 
 
 
 
 
 
Figure 11. H/D exchange of anisole catalyzed by 1 mol% irid-
ium on sulfated zirconia (left) and Brønsted acid-mediated 
exchange promoted by unmetalated sulfated zirconia (right) 
as observed by 1H NMR spectroscopy. 
The catalytic activity of the series of supported iridium 
materials was assessed for a variety of electronically di-
verse substrates. Electron-rich arenes included anisole 
and toluene, and electron-deficient arenes included tri-
fluorotoluene and methyl benzoate (Table 2). Reactions 
were conducted at 70 °C with 1 mol% iridium loading and 
benzene-d6 as the deuterium source (for experimental 
details, see SI). Consistent with stoichiometric reactivity, 
iridium on modified supports, SO4/ZrO2 and B2O3/ZrO2, 
were generally most active for H/D exchange followed by 
iridium on ZrO2, then Al2O3. Finally, neither Ir–SiO2-200 
nor Ir–SiO2-700 showed any detectable catalytic activity 
under these conditions. A closer inspection of these data, 
however, revealed some counterintuitive behavior. For 
example Ir–B2O3/ZrO2 is more active than Ir–ZrO2 for 
toluene H/D exchange (meta position 80 vs. 42%, para 
position 86 vs. 54%), but shows no detectable activity 
toward trifluorotoluene, while Ir–ZrO2 displayed moder-
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ate activity. Inversion of relative activity between sub-
strates may suggest either different catalyst speciation or 
a difference in mechanism, the former of which is con-
sistent with the anomalous 31P chemical shift of Ir–
B2O3/ZrO2 as described above. Leaching of iridium into 
the reaction solution was observed for alumina and zirco-
nia in reactions with anisole or methyl benzoate, but no 
catalytic activity was observed for these reactions, sug-
gesting that leached iridium species are inactive for H/D 
exchange. Furthermore, a hot filtration experiment with 
Ir–SO4/ZrO2 showed no catalytic activity, supporting the 
conclusion that only chemisorbed iridium is catalytically 
active.  
The catalysis data together reveal that, in general, mod-
ified metal oxides generate the most catalytically active 
species, which should be generalizable to other processes 
that proceed by electrophilic bond activation. The ob-
served trends in reactivity are conserved across both stoi-
chiometric and catalytic transformations. However, these 
trends cannot be fully explained by reported surface pKa 
or point-of-zero charge, as silica would be expected to 
lead to a more reactive supported iridium species com-
pared to zirconia and alumina by these measures.38  
Table 2. Catalytic H/D exchange promoted by iridium on 
metal oxides for electron-rich (toluene, anisole) and elec-
tron-deficient (trifluorotoluene, anisole) arenes. Values rep-
resent average of two runs. Estimated error is ±10%. Negative 
values within error of zero are displayed as zero. Greater 
saturation correlates to greater deuterium incorporation.    
                        
 
 
 
        
 
Percent Deuterium Incorporation (1 mol% Ir, 70 
°C, 20 h) 
Support Toluene Anisole Trifluoro-toluene 
Methyl  
Benzoate 
 o m p Me o m p Me o m p o m p Me 
SO4/ZrO2 98 94 97 33 97 97 98 71 6 99 98 2 55 58 6 
B2O3/ZrO
2 
1 80 86 5 94 97 97 24 0 2 1 1 8 4 4 
ZrO2 1 42 54 4 6 7 6 7 3 79 78 3 4 4 5 
Al2O3 62 79 90 6 3 3 0 7 1 26 26 6 11 5 8 
SiO2-200 0 0 0 3 6 10 8 10 0 0 0 4 7 2 6 
SiO2-700 2 1 0 3 0 1 1 4 0 0 0 0 0 0 3 
 
Recyclability was tested with Ir–SO4/ZrO2 for the H/D 
exchange of methane at one atmosphere in the headspace 
of a continuously agitated J. Young NMR tube at room 
temperature. In this experiment, deuterium incorporation 
was assessed after 22 h, at which time the atmosphere was 
replaced with perproteomethane. 81% deuterium incorpo-
ration was observed with freshly prepared catalyst, 
whereas the second and third reaction cycles proceeded 
to 69 and 54%, respectively (Figure 12).   
 
Figure 12. Recyclability of iridium on sulfated zirconia in the 
catalytic H/D exchange of methane as evidenced by the 1H 
NMR spectrum of methane and its isotopologues in benzene-
d6. 
The reactivity of Ir–SO4/ZrO2 was probed with an ex-
panded set of substituted arenes in order to further ex-
plore reactivity trends in the context of the previously 
reported homogeneous work (see Figure S45). While sig-
nificant differences in reaction conditions preclude quan-
titative comparison, Ir–SO4/ZrO2 and Bergman’s 
[Cp*(PMe3)IrH3](OTf) system display comparable selec-
tivity and activity (Figure S45).32, 39 This similarity indi-
cates that to a certain degree of abstraction, the conjugate 
base of sulfated zirconia can be viewed as a solid non-
coordinating counterion, with  properties similar to the 
commonly implemented triflate ion in homogeneous ca-
talysis, in line with previous reports in supported organ-
ometallics.16-17 Notably, no detectable deuterium incorpo-
ration was observed with benzaldehyde when benzalde-
hyde was employed as the substrate. Bergman and 
coworkers also observed diminished reactivity in this 
case, which was attributed to insertion into the aldehydic 
C–H bond followed by decarbonylation to afford 
[Cp*(PMe3)IrPh(CO)](OTf).40 To establish whether the 
same mode of deactivation was operant for supported 
iridium complex Ir–SO4/ZrO2, the supported material 
was recovered from the reaction mixture, dried, and as-
sessed by infrared spectroscopy. The resulting spectrum 
exhibited an absorption maximum at 2016 cm−1; this spec-
tral feature was consistent with that observed upon sub-
jecting Ir–SO4/ZrO2 as prepared to flowing carbon mon-
oxide (Figure 13). Indeed, benzaldehyde decarbonylation 
and direct CO adsorption are expected to converge on a 
common surface-bound iridium carbonyl species that is 
catalytically inactive for H/D exchange, accounting for 
the absence of observable H/D exchange activity for ben-
zaldehyde.  
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Figure 13. Decarbonylation of benzaldehyde to afford 10–
SO4/ZrO2, with similar infrared features to the complex 
formed upon chemisorption of CO on Ir–SO4/ZrO2. 
Conclusions 
The development of structure–activity relationships in 
supported organometallics is a critical prerequisite for the 
rational design of the next generation of heterogeneous 
catalysts. The increased complexity of heterogeneous sys-
tems requires the amalgamation of information collected 
from a variety of techniques to synthesize a holistic pic-
ture of the interaction between metal oxides and support-
ed organometallic species. In this study, we employed a 
combination of stoichiometric and catalytic reactions on 
a set of structurally similar catalysts to achieve a func-
tional understanding of the interplay between electro-
philic iridium bond activation and a representative sam-
ple of acidic metal oxide materials, as well as to bench-
mark reactivity against the known framework of homoge-
neous chemistry.   
As surface dissociation is a requisite step for bond acti-
vation, the most acidic surfaces (SO4/ZrO2 and 
B2O3/ZrO2) generally afforded highly active species for 
stoichiometric and catalytic reactivity; these data are in 
agreement with previous studies in which these acidic 
materials have been described as weakly coordinating 
anions for supported organometallics.16-17 This acidity 
trend, however, does not hold across unmodified oxides 
such as silica, alumina and zirconia. Further, activity 
trends were not always conserved across all substrates, 
suggesting that mechanistic or structural changes may be 
taking place. These observations highlight the complexity 
of developing a complete picture of organometallic–
support interactions. Nonetheless, 31P and 13C NMR chem-
ical shifts emerged as chemical descriptors strongly corre-
lated to stoichiometric and catalytic activity.  
These reactivity trends should be generalizable to other 
organometallic species supported on metal oxides and, 
more specifically, to the rational design of new heteroge-
neous catalysts involving electrophilic bond activation. 
Extension of these stoichiometric and catalytic de-
scriptors to an expanded set of metal oxide supports 
would be a valuable asset to the field of supported organ-
ometallics; such studies are currently underway in our 
laboratory. Furthermore, development of complementary, 
mechanistically distinct probe reactions would place this 
work in the greater context of a comprehensive picture of 
metal oxide–catalyst interactions. 
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